By combining experimental techniques such as x-ray diffraction, Fourier transform Raman, ultraviolet-visible, x-ray absorption near edge structure, extended x-ray absorption fine structure spectroscopy, and theoretical models, a general approach to understand the relationship among photoluminescence (PL) emissions and excited electronic states in CaWO 4 crystals is presented. First-principles calculations of model systems point out that the presence of stable electronic excited states (singlet) allow us to propose one specific way in which PL behavior can be achieved. In light of this result, we reexamine prior experiments on PL emissions of CaWO 4 .
I. INTRODUCTION
The alkaline-earth tungstates AWO 4 (A ¼ Ca 2þ , Sr 2þ , Ba 2þ ) belong to an important family of inorganic functional materials, 1 being the focus of great interest because its advantages, such as: unlimited resources, low cost and environmental friendliness. They continue attracting considerable attention because they are found to be fascinating systems possessing various technological applications, mainly including: microwave, scintillation, optical modulation, magnetic and writing-reading-creasing devices, humidity sensors, optical fibers, photoluminescence materials, 2, 3 and promising nonlinear media for the transformation of the radiation wavelength in lasers, 4, 5 or often, a combination of them. In addition, they have been extensively investigated as a self-activating phosphor emitting blue or green light under ultraviolet or x-ray excitation, 6, 7 and they are good laser host materials. [8] [9] [10] It is well known that the physical and chemical properties of materials are strongly correlated with some structural factors, mainly, the structural order-disorder in the lattice. The materials can be described in terms of the packing of the constituent clusters of the atoms which can be considered the structural motifs. A specific feature of tungstates with a scheelite structure is the existence of the [WO 4 ] and [AO 8 ] clusters as isolated tetrahedra and snub bisdisphenoid polyhedra into crystal lattice, 11 respectively. This tetragonal structure can be also understood in terms of a network of [WO 4 ] clusters, linked by strong bonds […W-O-W…] between the neighboring clusters, whose internal vibration spectra provide information on the structure and order-disorder effects in the crystal lattices. 12, 13 Breaking symmetry process of these clusters, such as distortions, breathings and tilts, create a huge number of different structures and subsequently different materials properties, and this phenomenon can be related to local (short), intermediate and long-range structural orderÀdisorder. Therefore, for AWO 4 scheelite, the material properties can be primarily associated to the cluster constituents, and the disparity or mismatch of both clusters can induce structural order-disorder effects, which will significantly influence the luminescence properties of the scheelites-type tungstates. [14] [15] [16] This structural pattern is a characteristic key for all the AWO 4 scheelites.
Pioneering studies by Blasse et al. 17, 18 on various inorganic complexes were the first to recognize that the polyhedral groups consisting of both transition metal and oxygen ions are responsible for photoluminescence (PL) properties in titanates, niobates, and tungstates. 18, 19 Then, these distortions are crucial in understanding the properties of materials and this map is capable to show properties on the basis of its constituent clusters. Distorted clusters yield a local lattice distortion that is propagated along the overall material, pushing the surrounding clusters away from their ideal positions. Thus, distorted clusters must move for these properties to occur, changing the electronic distribution along the network of these polar clusters and this electronic structure dictates both optical and electrical transport properties, and plays a major role in determining its reactivity and stability. Structural perfection of the aforementioned materials is a factor which can determine the capability of their application as optical materials, in particular, the PL behavior.
Among this calcium tungstate, CaWO 4 , is an important optical material, which remains center of attraction for crystal growers, radiologists, material scientists and physicists due to its luminescence, thermoluminescence, and stimulated Raman scattering behavior, [20] [21] [22] and has potential application in the field of photonics and optoelectronics. CaWO 4 is one of the most widely used phosphors in industrial radiology and medical diagnosis, 23 and it can be employed for a variety of applications, e.g., tunable fluorescence and sensor for dark matter search. 24, 25 In addition, the optical properties of metal tungstates with different morphologies have been studied. 26 44 pulsed laser deposition, 45 and vapordeposition method. 46 We have obtained CaWO 4 crystals by means of microwave assisted hydrothermal method, allowing to faster reaction rates and shorter reaction times, thereby leading to an overall reduction in energy consumption. 47, 48 These attributes, along with higher product yields and improved chemical selectivity, make microwave assisted techniques inherently green compared to conventional heating techniques. The use of microwave energy to heat and drive chemical reactions is growing at a rapid rate, with new and innovative applications in material sciences, [49] [50] [51] and nanotechnology. 52, 53 Irradiation of a semiconductor with light of energy equal to or larger than the bandgap energy leads to the generation of electron-hole pairs, which can subsequently induce redox reactions on the semiconductor. An ideal PL material should possess an adequate mobility for photostimulated electron-hole separation and transportation in crystal lattices, and suitable energy levels of band potentials. It is thought that this performance or the electron-hole separation ability of a semiconductor is closely related to the crystal structure. It is well known that the intrinsic emission of the CaWO 4 phosphor is a broad emission band centered at 520 nm, which is due to electronic transitions of the charge-transfer type between oxygen and tungstate within the anion complex [WO 4 ] 2-. 54 Moreover, some new optical properties of this classic phosphor can be obtained by doping with transition metal ions 55 or rare-earth ions. 56 Based on the molecular orbital theory, the excitation and emission bands of CaWO 4 57 Previous studies have shown that the PL properties of phosphor are sensitive to synthetic conditions, morphologies, size, surface defect states, and so forth. 58, 59 Changes of microstructure and size would modify the electronic structures of phosphor, promoting the formation of excited carriers from the valence band to the conduction band, which then relax their energy on the product surfaces, leading to variations in luminescence.
Density functional theory (DFT) and its extensions [60] [61] [62] have been shown to model the ground-state for a wide variety of compounds accurately. In particular, phase stability has been shown to be efficiently and accurately accessible through DFT computations in much different chemistry. [63] [64] [65] [66] [67] [68] Our group have been involved in a research project devoted to understand the mechanism behind the PL emissions in scheelite based materials, 41, 69, 70 and a fundamental issue that remains far from being fully understood concerns the role of the electronic excited states or how the electronic excited states are involved in the PL behavior. In a recent paper we have revisited theoretically the excited electronic states in SrTiO 3, 71 and to the best of our knowledge, this approach has never been attempted before. These results suggested that it is important to investigate the roles of the excited electronic states in expressing their photofunctions.
Motivated by these conflicting experimental and theoretical results and with the aim to understand the PL process during the excitation process, in this work, we would like to provide a combination of both experimental and theoretical studies on the PL emission of the undoped CaWO 4 . The question of the key role of the electronic state-dependent on the PL mechanism of these systems is discussed here. Quantum chemical methods are becoming more and more important in this context, as they can play an essential role in the analysis of optical properties. From an experimental side, x-ray diffraction (XRD), Fourier transform Raman (FT-Raman), ultraviolet-visible (UV-vis), x-ray absorption near edge structure (XANES), extended x-ray absorption fine structure (EXAFS), and PL spectroscopy has been carried out, while the electronic structures, band structure and bonding properties for both ground and excited states have been calculated and characterized. Fundamentally, it is important to explain the PL phenomenon by the presence of excited electronic states and how they can be associated to in-gap defect states, which give rise to the PL emissions. Our investigations may be helpful to comprehend both the structural favorable conditions before the photon arrival and the search for the PL mechanism during the excitation process in scheelite based materials.
II. COMPUTATIONAL METHODS AND MODELS
Calculations were performed with the CRYSTAL06 program package. 72 For the Ca and W atoms were used the 86-511d21 G and a pseudopotential basis sets, respectively, provided by the CRYSTAL basis sets library, and oxygen atoms have been described by the standard 6-31 G*, with the optimized exponent of the d shell a ¼ 0.8. The Becke's three-parameter hybrid nonlocal exchange functional 73 combined with the LeeÀYangÀParr gradientcorrected correlation functional, B3LYP, 74 has been used. Hybrid density-functional methods have been extensively used for molecules, providing an accurate description of crystalline structures, bond lengths, binding energies, and band-gap values. 75 The diagonalization of the Fock matrix was performed at adequate k-points grids (Pack-Monkhorst 1976) in the reciprocal space. The thresholds controlling the accuracy of the calculation of Coulomb and exchange integrals were set to 10 À8 (ITOL1 to ITOL4) and 10
À14
(ITOL5), whereas the percent of Fock/Kohn-Sham matrices 043501-2mixing was set to 30 (IPMIX ¼ 30). 72 The dynamical matrix was computed by numerical evaluation of the first-derivative of the analytical atomic gradients. The point group symmetry of the system was fully exploited to reduce the number of points to be considered. On each numerical step, the residual symmetry was preserved during the self-consistent field method (SCF) and the gradients calculation.
We use periodic models to find the ground and excited singlet electronic states to determine their electronic structure and the specific atomic states which makeup their corresponding energies. This information is used to understand the transitions associated with PL emission behavior. Any attempt to find excited states with triplet mutiltiplicity was unsuccessfully. Vibrational analysis has been made to ensure that there are no imaginary frequencies and the structure corresponds to a minimum for the ground and excited singlet states. The band structures have been obtained along the appropriate high-symmetry paths of the Brillouin zone for the tetragonal system.
The crystal type-scheelite has a tetragonal structure with space group (I4 1 /a). The calcium ions are eightfold coordinated with the oxygen's atoms surrounding tungstate groups. The tungsten atoms are tetrahedrally coordinated with the oxygen's atoms, where the tetrahedral angles are slightly distorted (see Fig. 1 ). 76 
III. EXPERIMENTAL DETAILS
In this work, CaWO 4 powders were obtained by coprecipitation and processed using a microwave-hydrothermal method in the presence of polyethylene glycol (PEG). This method makes use of either modified domestic microwave units, which are inexpensive, relatively simple to operate, cost effective, and readily available. The typical synthesis procedure is described as follows: 5 Â 10 À3 mol of tungstic acid (H 2 WO 4 ) (99% purity, Aldrich), 5 Â 10 À3 mol of calcium acetate monohydrate [Ca(CH 3 CO 2 ) 2 .H 2 O] (99.5% purity, Aldrich) and 0.1 g of PEG (Mw 200) (99.9% purity, Aldrich) were dissolved in 100 mL of deionized water. Then 5 mL of ammonium hydroxide (NH 4 OH) (30% in NH 3 , Synth) was added in the solution until the pH value reached to 10. The aqueous solution was then placed in an ultrasound for 30 min at room temperature. In the sequence, the mixture was transferred into a Teflon autoclave which was sealed and placed into a microwave hydrothermal system (2.45 GHz, maximum power of 800 W). Microwavehydrothermal conditions were kept at 140 C for 30, 60, 120, 240, and 480 min using a heating rate fixed at 25 C/ min. The pressure into the autoclave was stabilized at 294 kPa. After the microwave-hydrothermal treatment, the autoclave was cooled to room temperature. The resulting solution was washed with de-ionized water several times to neutralize the pH of the solution ($7), and the white precipitates were finally collected. Using the same experimental conditions, the powders obtained were dried in a conventional furnace at 65 C for 12 h. The CaWO 4 crystals were structurally characterized by x-ray powder diffraction (XRD) using a Rigaku-DMax/ 2500PC (Japan) with Cu-Ka radiation (k ¼ 1.5406 Å ) in the 2h range from 10 to 75 with scanning rate of 0.02 /s exposure total time of 15 min in normal routine. FT-Raman spectroscopy was recorded with a Bruker-RFS 100 (Germany). The spectra were obtained using a 1064 nm line of a Nd:YAG laser, keeping its maximum output power at 100 mW and performed in the range from 50 to 1000 cm À1 . UVvis spectra were taken using a spectrophotometer of Varian, model Cary 5 G (USA) in diffuse reflection mode. PL measurements were performed through a Monospec 27 monochromator of Thermal Jarrel Ash (USA) coupled to a R446 photomultiplier of Hamamatsu Photonics (Japan). A krypton ion laser of Coherent Innova 90 K (USA) (k ¼ 350 nm) was used as an excitation source, keeping its maximum output power at 500 mW and maximum power on the sample after passing through from optical chopper of 40 mW. The electronic and local atomic structure around W atoms was checked by using the x-ray absorption spectroscopy (XAS) technique. The tungsten L 1,3 -edge x-ray absorption spectra of CaWO 4 crystals were collected at the LNLS (National Synchrotron Light Laboratory) facility using the D04B-XAFS1 beam line. XANES data were collected at the W L 1,3 in a transmission mode at room temperature using a Si(111) channel-cut monochromator. For XAS spectra measurements the samples were deposited on polymeric membranes and collected with the sample placed at 90 o in relation to the xray beam. XANES spectrum was recorded for each sample using energy steps of 1.0 eV before and after the edge and 0.7 and 0.9 eV near of the edge region for W-L1 and L3 edge, respectively. The EXAFS spectra were measured from 100 eV below and 800 eV above the edge, with an energy step of 2 eV in preedge region, 0.5 in the near edge region and 1.0 eV in post-edge region with 2 s of integration time. Three EXAFS spectra of the samples were collected with the sample. All measurements were performed at room temperature. The analyses and theoretical calculations of XAS spectra were performed using IFEFFIT package. 
IV. RESULTS AND DISCUSSION

A. X-ray diffraction analyses
The polycrystalline nature of CaWO 4 crystals is expressed by XRD patterns as shown in Fig. 2 , which were identified as a tetragonal structure in agreement with the respective inorganic crystal structure database (ICSD) No. 18135 (supporting information available).
The facility and low temperature synthesis of CaWO 4 related to the fast reaction due to the microwave coupling which allow a uniform solution heating start-up. 79, 80 Compared with the usual methods, microwave-assisted synthesis has the advantages of shortening the reaction time and producing products with a small particle size, narrow particle size distribution and high purity.
B. XANES and EXAFS spectra analyses
The analyses of the XANES spectra has been used in order to obtain short-and medium range structural information in a large variety of materials such as simple and complex polycrystalline or amorphous oxide perovskites and glassy samples. [81] [82] [83] As presented before, the observation of the PL phenomenon in the AWO 4 compounds is mainly dependent on the structural organization at different levels, short, medium and at long-range order. Longo et al. 84, 85 have used the XANES technique to characterize the local disorder in materials presenting an orderÀdisorder phenomena. Figures 2(a) and 2(b) show the WL 1 -edge and WL 3 -edge XANES spectra, respectively, of CaWO 4 samples as a function of the annealing temperature and the WO 3 monoclinic phase, used as reference compound.
The W L 1 -edge XANES spectrum provides information on the electronic state and the geometry of the tungsten species. [86] [87] [88] [89] The intensity of pre-edge peak, indicated in Fig.  2(a) as X, is very sensitive to symmetry of the W atoms. [87] [88] [89] [90] According to the literature, [87] [88] [89] [90] the preedge peak is due to electronic transitions from 2s to 5d (W) orbital, which is dipole forbidden in the case of regular octahedra but allowed for distorted octahedra and tetrahedral. The WO 3 (reference compound) exhibit small preedge peaks due to distorted octahedral [WO 6 ] clusters [inset in Fig. 3(a) ], in good agreement with previous reports. [87] [88] [89] In contrast, the as-synthesized samples (CaWO 4 ) exhibit a more intense pre-edge peak relate to tetrahedral [WO 4 ] clusters [inset in Fig. 3(a) ], indicating that tungsten atoms are coordinated by four oxygen atoms. [86] [87] [88] [89] The higher intensity of the preedge peak of CaWO 4 crystals indicates a higher symmetry of W sites when compared to WO 3 compound. As can also be observed on Fig. 3(a) , no significant change is noted on the XANES spectra of CaWO 4 crystals as the treatment time of synthesis increases.
As it can observed in Fig. 3(b) the XANES spectra in the W-L 3 edge, the as-synthesized samples presents a different XANES spectrum compared to reference compound (WO 3 ). For the W-L 3 edge the white line mostly derives from electron transitions from the 2p 3/2 state to a vacant 5d state, as indicated in Fig. 3(b) as Y. According to the Yamazoe et al. 89 the form and the shape of white line depend on the particular structure of this compound. So, this difference is expected because as observed in Fig. 3(b) , the WO 3 compound has a W atom in an octahedral environment [Inset in Fig. 3(a) ]. Moreover, we can observe a maximum value in the preedge peak (!) at approximately 10 210 eV, while de CaWO 4 crystals present a tetrahedral environment [Inset in Fig. 3(a) ], with a maximum value in the preedge Y peak () at approximately 10 208 eV. As shown previously in W-L 1 edge [ Fig. 3(a) ], we have observed no significant change of XANES spectra in the W-L 3 edge for the CaWO 4 crystals processed at 140 C for different times in MH system [ Fig. 3(b) ].
According to the qualitative analyses of the L 1,3 -XANES spectra of CaWO 4 crystals, it can assert that the first coordination shell around tungsten atoms is formed by four oxygen atoms in a quite regular structure independently of the synthesis conditions. [86] [87] [88] [89] 91, 92 The similarity of the post-edge XANES spectra in the as-synthesized compounds also indicates that second and further coordination shells are quite similar.
The local order of the as-synthesized samples also was studied in EXAFS region of XAS spectra. Experimental W As expected, the EXAFS spectra [ Fig. 4(a) ] of the asprepared samples differ significantly of reference compound. Variations in the local structure of W are clearly depicted in the FT shown in Fig. 4(b) , which display the radial structure functions for the central absorbing W atom. It is to be noted that the structure below 1 Å may arise from atomic XAFS and/or multielectron excitations, and it does not usually correspond to real coordination spheres. The peak around 1.4 Å , uncorrected from phase shift, corresponds to the first W coordination shell where anions of oxygen atoms surrounding the central atom. 86, 87 The group of peaks at 3 Å are mainly due to the second and third shell, composed of tungsten and A 2 þ atoms. 86, 87 Synthesized CaWO 4 crystals present a higher FT intensity when compared with reference compounds, WO 3 . In WO 3 compound the W atoms are located in a distorted octahedral [WO 6 ] clusters environment with W-O distances ranging from 1.77 to 2.20 Å , whereas in CaWO 4 crystals polycrystalline compound, tungsten atoms are located in a WO 4 regular tetrahedral unit (4 W-O distances at 1.70 Å ).
93 Table I present the best fitting results of EXAFS spectra of both samples. The structural parameters used to start the fitting procedure of the EXAFS spectra obtained from ICSD No. 18135 file was based in structure where W atom are located in a WO 4 regular tetrahedral unit with 4 W-O bond-lengths around 1.771 Å . The fitting procedure for both samples was computed considering the following parameters: distance (DR), Debye-Waller factor (r 2 ) and amplitude reduction factor (S 0 2 ). The other parameter, E 0 , were obtained from the fitting of the sample obtained with 480 min, where E 0 has been found to be displaced a few electronvolts (8.1 6 1.3) with respect to the edge inflection point, and was fixed for an analysis of sample obtained with 30 min. According to the fitting results presented in Table I , the average W-O distances for the both samples changed of obtained from ICSD No. 18135. The good quality of the theoretical fitting can be observed by the low value of R-factor, observed in Table I . In good agreement with XANES spectra, from Fig. 4(b) , it is clear the strong octahedral distortion on the [WO 6 ] clusters of the WO 3 standard compound, while in CaWO 4 crystals a more regular symmetry was observed. For the as-obtained CaWO 4 crystals with the increase of MH processing time from 30 to 480 min, no significant change is noted in EXAFS spectra and experimental uncorrected FT curve, confirming that local order of as-obtained samples is similar, independently of synthesis conditions. 
C. Analysis of the theoretical results
D. FT-Raman spectroscopy analyses
The degree of structural order at short-range can be available by Raman spectroscopy given information of small distortion. This technique is one of the most suitable methods for investigating and characterizing semiconductor structures. This spectroscopy is a sensitive indicator of structure and symmetry in solids and has proved to be useful in the study of phase transitions as a function of temperature, pressure 94, 95 and composition.
96,97 Figure 5 shows the FT-Raman spectra for the CaWO 4 crystals processed at 140 C for different times from 30 to 480 min.
The scheelite crystal has symmetry (C 6 4h ) at room temperature. The internal vibration is associated to the movements inside the WO 4 molecular group. The external or lattice phonons correspond to the motion of the Ca cation and the rigid molecular unit (translational modes). 4 Vibrational modes characteristic of the scheelite phase in the tetrahedral structure were observed for all samples. According to a group theory analysis, there are four vibration modes for ideal T d symmetry: F 2 ( 4 ) . A 1 ( 1 ) vibration is the symmetric stretching mode, F 2 ( 3 ) is the antisymmetric stretching mode, and the E( 2 ) and F 2 ( 4 ) vibrations are bending modes. Since the factor groups of CaWO 4 are of lower symmetry than T d , and the tetrahedral point groups themselves are nonideal, the doubly degenerate E( 2 ) and triply degenerate F 2 ( 4 ) vibrations split into the nondegenerate bands and give 26 vibrations,
The samples present several peaks referring to the Raman-active internal modes of [WO 4 ] tetrahedra:
), and external T-(B g , E g , E g ) modes that are in agreement with the results reported by Campos et al. 69 and Hazen et al. 98 Table III reports normal vibrational modes active in Raman for s and s* states and experimental results. The small shifts observed on the positions of Raman modes can arise from different factors, such as: preparation methods, average crystal size, interaction forces between the ions or the degree of structural order in the lattice. 99 Moreover, the well-defined active-Raman modes confirm that CaWO 4 crystals are structurally ordered at shortrange and independent of the processing time employed in the hydrothermal microwave treatment.
In crystals with the scheelite structure, the indicator of distortion of surroundings of the tetrahedral anion is the highest-frequency A g vibration, which is a result of the Davydov splitting of the (A 1 ) 1 free tetrahedral anion. 100, 101 The A g mode in fundamental s state is 312 cm
À1
. This value is consistent with those reported previously of 335 cm À1 by experiments of pulsed laser ablation 102 and 276 cm À1 microwave hydrothermal treatments. In passing from s to s* state the A g mode increases to 324 cm À1 as well as enlarges the length of the W-O bond. 
E. UV-vis measurements analysis
The absorbance spectral dependence of CaWO 4 crystals processed at 140 C from 30 to 48 min in MH system is illustrated in the Figs. 6(a)-6(e). The optical bandgap is related to the absorbance and the photon energy by the following Eq. (1):
where a is the absorbance, h is the Planck constant, is the frequency and E gap is the optical bandgap. 103 The bandgap values of CaWO 4 crystals were evaluated by extrapolating the linear portion of the curve. The entire sample presents a welldefined interband transition with a quasivertical absorption front which is typical of semiconductor crystalline materials.
There is a significant difference between the values of bandgap obtained in this work and those reported before for our group (5.27 eV). 104 The exponential optical absorption edge and the optical bandgap energy are controlled by the degree of structural disorder in the lattice. The decrease in the bandgap can be attributed to defects, local bond distortion, intrinsic surfaces states and interfaces which yield localized electronic levels in the forbidden bandgap. 105, 106 We believe that this significant difference is attributed to surface and interface intrinsic defects generally expected in the MH processing. 107, 108 F. PL emission analyses Figure 7 illustrates the PL spectra recorded at room temperature for the CaWO 4 crystals processed at 140 C for different time (from 30 to 480 min) in MH system. The insets show the digital photos for the PL emission of CaWO 4 crystals. PL spectra present a broad band covering the visible electromagnetic spectra in the range from 350 to 800 nm, and the profile of the emission band is typical of a multiphonon and multilevel process; i.e., a system in which relaxation occurs by several paths involving the participation of numerous states within the bandgap of the material. 
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Gracia et al. J. Appl. Phys. 110, 043501 (2011) Disorder in materials can be manifested in many ways; examples are vibrational, spin and orientation disorder (all referred to a periodic lattice) and topological disorder. Topological disorder is the type of disorder associated with glassy and amorphous solid structures in which the structure cannot be defined in terms of a periodic lattice. PL is a powerful probe of certain aspects of short-range order in the range 2-5 Å and medium range 5-20 Å such as clusters where the degree of local order is such that structurally inequitable sites can be distinguished due to its different types of electronic transitions and are linked to a specific structural arrangement.
The PL spectra of tungstates are often decomposed in blue, green and red contributions. However, there exist various controversial interpretations on tungstate PL spectra mainly about its green typical maximum contribution. Blasse 
. In our work, it was found a wide PL emission with maximum picked in the blue area of visible spectra of light. This emission was quite different from previous results of crystalline CaWO 4 powders synthesized by the polymeric precursor method were the PL emission has a maximum centered at 520 nm, the green area of visible spectra. 69, 104 Both CaWO 4 crystals, obtained by processing in MH system and polymeric precursor method, were crystalline at long range order in agreement with XRD analyses. However, the difference in the maximum PL emission between the samples obtained by the two methods show that there are structural differences between them. Disorders in surfaces and interfaces commonly occur in materials synthesized by the microwaveassisted hydrothermal method and created additional levels above the valence band and below the conduction band, decreasing the bandgap. 6, 108, 119, 120 In this case, the decrease of the bandgap, as showed by the UV-vis measurements, leads to the dislocation of the natural scheelite green emission to blue emission. Therefore, an analysis of site-and orbital-resolved DOS shows a significant dependence of the W CB DOS's on the local coordinations. During the excitation process some electrons are promoted more feasibly from the oxygen 2p states (2p y and 2p z ) to these tungsten 5d states (5 d z 2 ) through the absorption of photons. The emission process of photons occurs when an electron localized in a tungsten 5d state decays into an empty oxygen 2p state. Then the PL emission can be attributed to this mechanism which is derived from distorted [WO 4 
H. Wideband model
The theoretical results point out that a symmetry breaking process, associated to order-disorder effects, is a necessary condition for the presence of PL emission. These structural changes can be related to the charge of polarization between distorted clusters that are capable to populate stable excited electronic states. Central to the observation of the PL phenomena in CaWO 4 crystals is the localization and characterization of excited states that can be considered as trap states implicated in this process. Once these excited states are populated, they may return to lower energy and ground states via radiative and/or nonradiative relaxations. Therefore, the PL process is understood in a first step as an 
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excitation from the fundamental state (singlet) to a higher energy state (excited singlet). The second step corresponds to an intersystem crossing process from the excited singlet to fundamental singlet electronic state. Once this singlet electronic is sufficiently populated, an intersystem crossing process involving the excited states can occur; finally, the PL emission takes place with concomitant return to a ground state.
Then we can identify two effects in the PL emission of the CaWO 4 crystals samples. The first effect is intrinsic to scheelite material and derived from the bulk material that is constituted by of asymmetric distorted [WO 4 and ½CaO 8 Ã d tetrahedra and deltahedra groups, respectively. These excited states favor the population of intermediary energy levels within the bandgap of this material and are linked to the universal greenish scheelite luminescence. The second effect is a consequence of the surfaces and interfaces complex clusters defect that produce extrinsic defects that also decrease the bandgap and allows to the blue-emission. The interplay between these clusters and defects generates a specific PL emission color.
Based on the findings made, we propose an expanded model derived from the wide-band model, 85, 121 to explain the PL behavior. Before the photon arrival, the short and intermediate range structural defects generate localized states within the bandgap and a nonhomogeneous charge distribution in the cell. After the photon arrival, the lattice configuration changes (like a "breath") and distorted excited clusters are formed allowing electrons to become trapped. In the final state the photon decay by radiative or nonradiative relaxations.
On a technical level, a clear area of improvement is the theoretical description of the excited electronic states. Rationalizing the chemical nature of excited electronic states is not an easy task and in the present work the excited states have been localized and characterized at DFT calculation level. This is a very strong restriction that can be assumed as a limiting case, the theoretical description of physical/chemical processes that take place in excited electronic states needs a method that can describe in a balanced way all of the electronic states involved, including both statistical and dynamical effects to quantitatively asses these states. This aim can be reached using a more sophisticated and computationally demanding calculation level, such as multi-configuration based methodology. However, the present model can be considered a shift toward a better understanding of PL phenomena in scheelite based materials in general. Although the small models described herein may not capture the full extent of the optical process, they do reveal some of the sorts of structural order-disorder effects before and after the photon arrival that could contribute significantly to PL emissions.
V. CONCLUSIONS
In summary, optical properties of the CaWO 4 crystals are studied by a different experimental techniques and first principle calculations. Clear evidence of a relationship between PL emissions and order-disorder effects is disclosed, and it is associated to structural distortions of both ideal [WO 4 ] tetrahedra and [CaO 8 ] deltahedra as a constituent clusters of CaWO 4 .
Present work enlightens the central role of the excited electronic states during the PL emission. This interpretation is supported by the localization and characterization of a stable electronic excited state (singlet, s*). We have characterized the normal vibrational modes associated to the tetrahedral distortions involved in the achievement of s* excited state.
These results provide new insight into PL properties and have profound implications to design controlled structures with innovative optical applications. It is our intention to extend our studies to different scheelite based materials, including also different types of excitations, and the present result may provide a general strategy for a better understanding of PL phenomena in these materials. We hope that this study will stimulate experimental efforts toward the confirmation of the present findings.
